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ABSTRACT 

A study has been made of t h e  e f f e c t  of angular  quadrature on t h e  
r e s u l t s  of two-dimensional t r anspor t  ca l cu la t ions  made t o  evalua te  
r a d i a t i o n  environment i n  t h e  v i c i n i t y  of a sh ie lded  space power r e a c t o r ,  
The app l i ca t ion  considered he re  i s  f o r  a manned space-stat ion;  crew 
sh ie ld ing  must be provided wi th in  a 25' cone angle. The axynetrie 
s h i e l d  layout  i s  evaluated using t h e  two-dimensional t r a n s p o r t  code 
DOT. Within t h e  s h i e l d ,  an S6 angular  quadrature y i e l d s  s a t i s f a c t o r y  
r e s u l t s .  For regions where t h e  ray  e f f e c t  may occur it i s  not apparent 
t h a t  an S quadrature i s  adequate. Anomalies i n  r e s u l t s  due t o  

10 
(1) t r a n s p o r t  of p a r t i c l e s  i n  a void and ( 2 )  necessary geometric ap- 
proximations were observed. 

INTRODUCTION 

Radiat ion s h i e l d s  p resen t ly  considered f o r  space power nuclear  
r e a c t o r s  gene ra l ly  a re  asymmetric. That is ,  t h e  sh ie ld ing  i n  some 
s o l i d  angle containing a crew compartment i s  much t h i c k e r  than  t h a t r e -  
qui red  i n  o the r  d i r e c t i o n s .  Two-dimensf onal  ( o r  three-dimensional) 
t r a n s p o r t  methods a r e  necessary t o  design and evalua te  such s h i e l d s ,  

The d i s c r e t e  ord ina tes  Sn t r anspor t  codes a r e  commonly used f o r  
s h i e l d  ca lcu la t ions ,  The two-dimensional codes, however, r equ i re  ex- 
t e n s i v e  computer t ime,  The computer t ime requi red  t o  run a two-dimensloma1 
problem i s  d i r e c t l y  p ropor t iona l  t o  t h e  number of space p o i n t s ,  e n e r m  
groups, and d i s c r e t e  angles s p e c i f i e d  f o r  t h e  problem.  he running 
t ime is  weakly propor t ional  t o  t h e  order  of s c a t t e r i n g  approxima~ion,  
The code use r  has t o  make some compromise i n  t h e  s e l e c t i o n  of these 
parameters.  But t h e  e f f e c t  of these  on t h e  o v e r a l l  accuracy of t h e  snlu- 
t i o n  i s  not  adequately known. 

Mynatt e t  a l .  ( ~ e f .  1) explored t h e  problem of t h e  Sn parameters 
( s c a t t e r i n g  order  and angular quadra ture)  f o r  t h e  case of f a s t  neutron 
t r a n s p o r t  i n  water  using t h e  one-dimensf onal  t r a n s p o r t  code AXISIT \Trr?ef, 2) 
and compared t h e  r e s u l t s  wfth both moments method r e s u l t s  and experimental 



data .  The purpose of t h i s  repor t  is  t o  attempt t o  show t h e  e f fec t  of 
angular quadrature on t h e  r a d h t f o n  f i e l d  wTthin and o u ~ s i d e  of a TWO- 
dfmensional space power reactor-shield assembly and t o  e s t a b l i s h  a 
reasonable angular quadrature order f o r  use i n  2-D design c a l c u l a ~ i  ons 
which w i l l  minimize computation time but  not s a c r i f i c e  accuracy, The 
geometry chosen f o r  t h i s  study i s  t h a t  of a  prototy-pe-shield design, 
The system u t i l i z e s  a  Z r H  r eac to r  and s h i e l d  designed t o  allow a dose 
r a t e  of 6 mremfhr a t  a  200 f e e t  diameter crew dose plane 200 fee3 
d i s t a n t  from t h e  s h i e l d  and 10 rem/hr a t  200 f e e t  d i s t a n t  elsewhere, 

P a r t i c u l a r  emphasis i s  placed upon t h e  e f f e c t  of angular quadrature 
on t h e  two-dimensional t r anspor t  so lu t ion .  However, some addi t ional  
anomalies t h a t  developed i n  t h e  appl ica t ion of t h e  codes t o  t h e  p a r t i c u l a r  
chosen configuration (although not necessar i  l y  unique t o  it ) are  discussed,  

GEOMETRY OF TEST PROBLEM 

The s h i e l d  geometry se lec ted  a s  a  vehic le  f o r  t h i s  t e s s  problem i s  
shown i n  Fig.  l a .  The layout i s  t y p i c a l  of designs p resen t ly  considered 
f o r  space s t a t i  on applf cat ions of a  125 KWth beryllium-reflected zfrconiwn 
hydride reac to r  system. The reac to r - re f l ec to r  assembly i s  surrounded by 
a  re f rac to ry  metal ( tungsten)  cont ainment shell-thermal s h i e l d - g m a  s h i e l d  
followed by a  l a y e r  of l i th ium hydride neutron sh ie ld ing .  The crew f s  
within a  25' half-angle cone and a t  a  distance of 200 f e e t  from the  
reac to r  center .  Additional sh ie ld ing l a y e r s  provided f o r  t h e  crew i n  
tUs directLon are  shown i n  Fig l a .  The goal  of t h i s  design was co meet 
a  dose r a t e  of 6 mrem/hr a t  200 f e e t  within t h e  25' cone (crew bose) 
and 10 remlhr 200 f e e t  d i s t a n t  elsewhere. The layout shown in F i g ,  Ji3. 

i s  a  f i r s t  est imate of a  s h i e l d  design generated from a  one-dimensional 
p a r m e t r i c  study and optimization.  No attempt was made t o  t a i l o r  che 
s h i e l d  t o  match the  dose cons t ra in t s  and thus  minimize weight, 

TRAMSPORT CODES AND PROCEDURES USED 

The d f s c r e t e  ordinates Sn code DOT ( ~ e f s .  2  and 3) was used t o  cal- 
cu la te  r ad ia t ion  t r anspor t  throughout t h e  s h i e l d ;  a  41-group esupied 
neutron-gamma cross-section s e t w a s  used. The U P  code (Ref, 4) 'utilSz- 
ing  t h e  surface angular f luxes was used t o  t r anspor t  t h e  rad ia t ion  t o  
points  200 f e e t  d i s t a n t .  

An ou t l ine  of t h e  R-Z c y l i n d r i c a l  geometry mockup of t h i s  r eac to r  
s h i e l d  mockup i s  shown i n  Fig.  l b ,  This R-2; geometry i s  r e p i r e d  by 
t h e  t r anspor t  code. The overlay of t h e  72-axial mesh in teyva l s  and 42- 
r a d i a l  mesh i n t e r v a l s  used i n  t h e  present  calculations r e s u l t s  in the  
conical  sec t ion  of t h e  s h i e l d  being approximated by a  s e r i e s  of sceps 



a s  shown i n  %he f i g u r e .  Also t h e  Sn t r a n s p o r t  ca l cu la t ion  i s  carried out 
through t h e  void region t o  t h e  ou te r  boundary marked on F i g ,  i b ,  

Calculations were made f o r  symmetrpf angulzzl- quadrature of S4 t o  
S1O (16 t o  70 d i s c r e t e  angles)  f o r  a s c a t t e r i n g  approximation of P2. "he 

s c a l a r  f luxes  and moments ca lcu la t ed  f o r  one case were used as 1npu.t fay 
t h e  next ,  t hus  minimizing t o t a l  computer zime. A l l  cases were run t o  
approximately %he same convergence c r i t e r i a .  

RESULTS AND DISCUSSION 

The c r i t e r i a  used f o r  comparing t h e  r e s u l t s  of t h e  s tudy a r e  neutron 
and gamma r a y  dose r a t e s .  These a r e  presented  f o r  pos i t fons  on t h e  cen- 
t e r l i n e s  of t h e  reac tor -sh ie ld  system, on t h e  e x t e r n a l  s w f a e e  of the 
s h i e l d ,  and on a dose sur face  a t  a r ad ius  of 200 f e e t .  Alzhough the in- 
t e g r a l  quan t i ty  dose raze  was s e l e c t e d  a s  t h e  c r i t e r i a  f o r  simpriei ky, 
t h e  t r ends  i l l u s t r a t e d  apply equal ly  w e l l  f o r  o the r  q u a n t i t i e s  sf in -  
t e r e s t  such as  hea t ing  r a t e s  and neutron and gamma ray  f l u e s ,  The re-  
sulzs a re  presented i n  P igs .  2 through 6.  

Dose Rates Within t h e  Reactor-Shield Assembly 

Resul t s  of t h f  s study showing t h e  e f f e c t s  w5thin t h e  assernbl;)~ are 
presented  i n  Ffgs.  2 through 5.  Shown f n  Fig .  2 a r e  t h e  n e u t ~ o n  and 
gamma dose r a t e s  along t h e  c e n t e r l i n e  of t h e  system f o r  P2 scattering 
and S4 t o  Slo angular  quadrature.  Maximum d i f ferences  oecur at %he 
ou te r  su r face  of t h e  s h i e l d ,  The r e s u l t s  ca l cu la t ed  wi th  lower order 
quadrature a r e  lower than  those  calculated wi th  h igher  o rde r ,  D i f -  
ferences i n  neutron dose r a t e  a r e  a% most 20 percent .  This  r e s u l t  s s  
i n  s u b s t a n t i a l  agreement wi th  Mynatt ( ~ e f .  I), a conclusion not sur-  
p r i s i n g  s ince  on t h e  axis  of  t h e  system one would expect reasonabie 
agreement between one- and two-dimensional t r a n s p o r t  s o l u t i o a s ,  D l f -  
ferences i n  gamma dose a r e  8% most 40 pe rcen t ,  The S6 gamrsla ~ e s u l t s  
%re  v t t h i n  10 percent  of 6h.e S8 resulJcs; t h e  S8 gamma resul- is  are 
v i r t u a l l y  t h e  same as  t h e  SI0 r e s u i t s  . 

Presented on F ig .  3 a r e  the neutron and gamma dose r a t e s  
mfdplane of t h e  assembb f o r  P2 s c a t t e r i n g  and Sq t o  SLo 
quadrature.  Again d i f f e rences  a r e  l e s s  than  20 percent .  

f c k  s h f e l d  a r e  presented on F ig .  4,  Again r e s u l t s  a r e  sho 



The d i f ferences  a r e  due t o  t h e  so-cal led "ray-effect" (Ref, 5 j In the 
discre te-ordina tes  equations a s  we l l  as t h e  stepped R-Z c y i i n d m c a i  mockup 
of t h e  ou te r  edge of t h e  conica l  s h i e l d .  The dose r a t e  i n  che vieinlty 
of t h e  corner  of zhe s h i e l d  i s ,  i n  t h i s  se tup ,  dominated by radiation 
streaming through t h e  s i d e  s h i e l d ,  then  through t h e  void where ray ef-  
f e c t s  appear,  and f i n a l l y  through a t h i n  sec t ion  of sh ie ld ing ,  I n  
r e a l i t y ,  t h e  l o v e r  corner  of t h e  con ica l  s h i e l d  should not  "see1-he 
sur face  of the sh ie ld ing  on t h e  s i d e  of the  r e a c t o r .  However, because 
of t h e  d i sc rece  R-Z s tepped c y l i n d r i c a l  geometry mockup of che cone, the 
spurious upturn a t  t h e  edge of t h e  s h i e l d  oeeurs ,  The magnitude of this 
upturn i s  f u r t h e r  perturbed by t h e  ray  e f f e c t  which depends on -c,he q w ~ -  
dra tu re  . 

Another anomaly involving the convection of p a r t i e i e s  through t h e  
void regions t h a t  a re  p resen t  i n  two-dimensional t r a n s p o r t  codes also 
appears here  and a f f e c t s  t h e  f luxes  i n   he v i c i n i t y  of t h e  corner of the 
s h i e l d .  That anomaly may be described using sketch ( a )  below: 

$ 
I 

I 

Sketch (a)  

This  ske tch  shows a s impl i f i ed  reac tor -sh ie ld  geometry s i m i l a r  t o  %he 
problem pl-esently considered. The void regfon i s  separa ted  fnxo two re- 
g ions  and c a l l e d  void region I and vofd regfon T I .  Because of t h e  gecme~ry ,  
mesh e e l l a  i n  void region I should have a regfon i n  which c e r t a f n  angular 
f l u e s  a re  zero. This region i s  shown i n  sketch ( b ) .  



,--mesh c e l l  i n  v o i 6  r e g ;  or. I 
I - 

The angular f l u x  a t  any d i s c r e t e  angle 8 between 0 and 80 as  
shown i n  t h e  above sketch must be zero i f  t h e  mesh c e l l  f s  fn void region I, 
However, because of negative ext rapola t ions  of t h e  f l u x  and subsequent 
fixup prscedures i n  DOT, nonzero angular f luxes i n  t h i s  region persist 
and may propagate t o  t h e  corners of the s h i e l d  i n  t h e  presenz geometq,  
Some of t h i s  e f f e c t  i s  a l s o  taking place i n  t h e  present  problem, The 
nonphysfcal f luxes  i n  t h e  boundarfes then r e s u l t  i n  incorrect Nip,, 
t r anspor t  ca lcula t ions  t o  a d i s t a n t  f i e l d  pofnt .  This e f fec t  i s  dfs- 
cussed i n  t h e  next sec t ion .  

F i n a l l y ,  Fig.  5 shows the  dose r a t e s  along a l i n e  a h  rrddius of 
117 centimeters f o r  a l l  ordinates  between t h e  midplane of t h e  reactor 
and boxtom of t h e  t h i c k  s h i e l d .  Results  a r e  shown f o r  Sq-SIO seaCtering. 
Here, r a t h e r  l a r g e  f luc tua t ions  a r e  apparent ,  These a re  due to the ray 
e f fec t  s ince  f o r  most pos i t fons  shown, d i s c r e t e  angular radfa t ion is 
t ranspor ted  from t h e  surface of l i th ium hydride surrozandfng t h e  reactor 
assembly ( radius  of 46 em) through a 70 centimeter  t h i c k  void region, 
The d a t a  i s  presented here t o  a l e r t  2-D Sn code users  t o  inadvertenT 
mcertaini ; ies  encomtered i n  il-,t.erpre.t,Sng t r anspor t  calcula"cfozs .for .?on- 
f i gma t ions  such a s  t h i s .  A 1 1  one can say regardfng t h e  curves of F i g ,  5 
fs t h a t  t h e  higher t h e  S order ,  t h e  fewer "te spurious fluctzzeztions i n  the 
curve; one can only conJecture as t o  t h e  t r u e  values of t h e  dose y%"Ces 
a t  t h i s  extreme boundary of t h e  %wo-dSmensional problem. 



Dose Rates a t  Po in t s  Dis tant  from the Reactor-Shield Assembly 

Radiation dose r a t e s  a t  de tec to r  p o i n t s  200 f e e t  from t h e  r e a c t o r  
center  were ca lcu la t ed  using t h e  MAP code, This code deteesrmtnes t h e  
con t r ibu t ion  t o  a  d i s t a n t  de tec to r  from each su r face  a r e a  element of a  
d5scre te  o rd ina tes  problem. The converged angular  f l u e s  a re  known f o r  
each surface  a rea  element and d i s c r e t e  angle a t  t h e  te rminat ion  of a  
DOT c a l c u l a t i o n ,  Given a  s e t  of de tec to r  coordina tes ,  t h e  U P  code 
determines t h e  d i s c r e t e  angle c l o s e s t  t o  t h e  l i n e  c o n n e c ~ i n g  t h e  center  
of t h e  ayea element and t h e  de tec to r  p o i n t ,  and assumes t h i s  t o  be the 
a n g u l a  f l u x  (pe r  u n i t  s o l i d  ang le )  heading i n  t h e  d i r e c t i o n  of the 
de tec to r .  TMs i s  t h e  p r i n c i p a l  assumpflon of t h e  code. Usfng standard 
formulae, the  contrsl%ution t o  t h e  d e t e c t o r  is de temined  f o r  each a r e a  
element seen by t h e  de tec to r  and s m e d  t o  obta in  a  t o t a l  dose r a t e  
Thus MAP-calculated r e s u l t s  should a l s o  show t h e  e f f e c t s  of d i s c r e t e  
angular quadrature.  

Shown i n  Fig .  6 a r e  t h e  J!dAP-calculated t o t a l  (neutron plus  g m a j  
dose r a t e s  f o r  de tec to r s  a t  a  d i s t ance  of 200 f e e t  from t h e  reactor 
cen te r  and a t  s e v e r a l  angles w-fth t h e  r e a c t o r  a x i s .  Calcule3;tions ve re  
made from DOT r e s u l t s  obtained wi th  Sq, S6, s8, and S1o angui ar 
quadrature.  The e f f e c t s  of t h e  d i s c r e t e  angle approximation aye apparent;  
the Wglzer t h e  number of angles ( t h e  c l o s e r  Bny one d i s c r e t e  m g l e  5s t o  
-tLe d e t e c t o r )  t h e  b e t t e r  resolved i s  t h e  dose r a t e  versus  angle curve,  
Large df f ferenees  a r e  apparent a t  pos5tfons where t h e  angle nea res t  the  
area-detector  l i n e  changes abrupt ly  from one d i s c r e t e  angle t o  t h e  nex t ,  
t h e  O0 c e n t e r l i n e  p o s i t i o n  i s  poor ly  p red ic t ed  because of l ack  of a 
s p e c i f i c  angle po in t ing  i n  t h a t  d i r e c t i o n ;  t h i s  i s  a l s o  t r u e  for The 
90' p o s i t i o n .  A t  in termedia te  p o s i t i o n s ,  r e s u l t s  o s c i l l a t e ,  In s p i t e  
of t h e  wide v a r i a t i o n s  observed i n  Fig .  5, t h e  r e s u l t s  i n  F i g ,  6 f o r  
gngles between $0' and 120" do not  show unreasonable agreemelit, T W s  
is probably because of averaging out  varSatTons i n  t h e  complete s u ~ f a c e  
i n t e g r a t f  on. 

The foregoing l o c a l  v a r i a t i o n s  a r e  unique t o  t h e  s p e c i f i c  method 
u t i l i z e d  f n  t h e  MAP code, If one used a  smoothing of t h e  d i s c r e t e  sur-  
f ace  a n g u l a ~  f luxes  t h e  o s c i l l a t i o n s  i n  t h e  Sn r e s u l t s  would p ~ o b a b l y  
be n e g l i g i b l e ,  

The o the r  anomaly, mentioned before ,  propagates i t s e l f  i n  -the MAP 
c a l c u l a t i o n  i n  t h a t  a t  c e r t a i n  d i s t a n t  de tec to re  dose p o i n t s  ( w r i t ~ n  
the 27' angle p o s i t i o n ) ,  nonphysical dose eont r ibut lons  a r e  made from 
void regions  t o  t h e  de tec to r s  from t h e  s i d e  su r faces  of t h e  reaczsr,  



From these  r e s u l t s  it appears t h a t  an 36 angular  quadrature i s  
adequate f o r  p red ic t ing  r e s u l t s  wi th in  a s c a t t e r i n g  medium such a s  along 
t h e  c e n t e r l i n e  o r  m2dpSane of  an assembly such a s  described h e r e ,  For 
regions where t h e  r ay  e f f e c t  mqy appem,  it i s  not  apparent t h a t  even am 
310 guadratuve i s  adequate. Although some remedies have been proposed 
t o  cure t h e  r ay  e f f e c t  (Ref. 6j, t h e  b e s t  method seems t o  be t o  simply 
inc rease  t h e  number of  angles i n  the quadrature,  Thus t h e  s e l e c t i o n  of 
angu lw q u a d ~ a t u r e  should r e d l y  be dependent on where i n  "ce pro-Dlem 
one needs an accura te  answer. For parametr ic  s t u d i e s  one could use 
34 quadrature wi th  appreciable time savtngs followed by higher  order  
ca lcu la t ions  f o r  a f i n a l  c o n f i g u ~ a t i o n .  
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Figure 2. - Dose rates along reactor, shield centerline. Calculations 
are for P2 scattering, various angular quadratures denoted by n 
of Sn. 
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Figure 3. - Dose rates along midplane of shield. Calcu- 
lations are for P2 scattering and various orders of 
angular quadrature denoted by n of Sn. 
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Figure 4. - Dose rates along bottom surface of shield. 
Calculations are for P scattering and various orders 
of angular quadrature ienoted by n of Sn. 
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Figure 5. - Dose rates at radius 117 centimeter (near 
outer radial boundary of transport problem). Calcu- 
lation are for P2 scattering and various orders of 
angular quadrature denoted by n of Sn. 
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Figure 6. -Total dose rate 200 feet distant from reactor 
center. Straight l i ne  segments connect data points to 
guide the  eye. Data is based on DOT calculations made 
with S4to S10 angular quadrature. 


